Abeyrathna P, Kovacs L, Han W, Su Y. Calpain-2 activates Akt via TGF-␤1-mTORC2 pathway in pulmonary artery smooth muscle cells. Calpain is a family of calcium-dependent nonlysosomal neutral cysteine endopeptidases. Akt is a serine/threonine kinase that belongs to AGC kinases and plays important roles in cell survival, growth, proliferation, angiogenesis, and cell metabolism. Both calpain and Akt are the downstream signaling molecules of platelet-derived growth factor (PDGF) and mediate PDGF-induced collagen synthesis and proliferation of pulmonary artery smooth muscle cells (PASMCs) in pulmonary vascular remodeling. We found that inhibitions of calpain-2 by using calpain inhibitor MDL28170 and calpain-2 small interfering RNA attenuated Akt phosphorylations at serine-473 (S473) and threonine-308 (T308), as well as collagen synthesis and cell proliferation of PASMCs induced by PDGF. Overexpression of calpain-2 in PASMCs induced dramatic increases in Akt phosphorylations at S473 and T308. Moreover, knockout of calpain attenuated Akt phosphorylations at S473 and T308 in smooth muscle of pulmonary arterioles of mice with chronic hypoxic pulmonary hypertension. The cell-permeable-specific transforming growth factor (TGF)-␤ receptor inhibitor SB431542 attenuated Akt phosphorylations at both S473 and T308 induced by PDGF and by overexpressed calpain-2 in PASMCs. Furthermore, SB-431452 and knocking down activin receptor-like kinase-5 significantly reduced PDGF-induced collagen synthesis and cell proliferation of PASMCs. Nevertheless, neutralizing extracellular TGF-␤1 using a cell-impermeable TGF-␤1 neutralizing antibody did not affect PDGF-induced Akt phosphorylations at S473 and T308. Furthermore, inhibition of mammalian target of rapamycin complex 2 (mTORC2) by knocking down its component protein Rictor prevented Akt phosphorylations at S473 and T308 induced by PDGF and by overexpressed calpain-2. These data provide first evidence supporting that calpain-2 upregulates PDGF-induced Akt phosphorylation in pulmonary vascular remodeling via an intracrine TGF-␤1/mTORC2 mechanism.
PULMONARY VASCULAR REMODELING is a key feature of pulmonary arterial hypertension (PAH) associated with accumulation of extracellular matrix, including collagen, and vascular smooth muscle cell proliferation and hypertrophy. These processes contribute to medial hypertrophy and muscularization, leading to obliteration of precapillary pulmonary arteries and sustained elevation of pulmonary arterial pressure (31, 32, 39) . Several growth factors, including platelet-derived growth factor (PDGF) and transforming growth factor (TGF)-␤ 1 , participate in the process of pulmonary vascular remodeling in PAH patients and animal models (3, 11, 18, 27, 32) . For example, PDGF and its receptor is upregulated in pulmonary arteries of patients with PAH (34, 35) and rodents exposed to chronic hypoxia and monocrotaline (MCT) (3, 28, 41) . PDGF receptor antagonist prevents or reverses increased right ventricular pressure and pulmonary vascular changes induced by hypoxia, MCT, and hypoxia/SU5416 (8, 34) . The TGF-␤ 1 /Smad pathway is a classical pathway regulating collagen synthesis. It has been reported that the TGF-␤ 1 /Smad pathway is activated in PAH animal models (3, 27, 28) and patients with PAH (38) . Inhibition of TGF-␤ signaling attenuates pulmonary vascular remodeling and elevated right ventricular pressure in animal models (6, 27, 40) . Despite these overwhelming data, approaches for intervention of these growth factors are limited, because the downstream signaling pathways of these growth factor receptors have not been clarified.
Calpain is a family of calcium-dependent nonlysosomal neutral cysteine endopeptidases (14) . Calpain-1 and calpain-2 are two major typical calpains, which consist of a distinct large catalytic subunit (ϳ80 kDa) and a common small subunit (ϳ30 kDa, calpain-4) that helps regulate activity. Calpastatin functions as the major specific endogenous inhibitor for calpain-1 and calpain-2 (14) . The mechanism for calpain activation involves calcium, phospholipid binding, autolysis, release of calpain from its inhibitor calpastatin, binding of activator proteins, and phosphorylation (12, 13) . Binding of phospholipids may decrease the Ca 2ϩ requirement for calpain-2 activation (4) . Our laboratory has reported that calpain is a downstream signal molecule for PDGF and mediates PDGF-induced collagen synthesis and proliferation of pulmonary artery smooth muscle cells (PASMCs) (28) . Inhibition of calpain by conditional knockout of calpain-4 and by using calpain inhibitor prevents pulmonary vascular remodeling in PAH animal models (28) .
Akt is a serine/threonine kinase that belongs to AGC kinases. Akt plays important roles in cell survival, growth, proliferation, angiogenesis, and cell metabolism (1) . It works as a downstream signaling molecule for several growth factors, including PDGF (10, 26, 30) . Phosphorylation of Akt at serine-473 (S473) or threonine-308 (T308) causes activation of Akt (2) . T308 residue is phosphorylated by 3-phosphoinositidedependent protein kinase-1 (PDK1) due to its association with phosphatidylinositol 3,4,5-trisphosphate, while mammalian target of rapamycin complex 2 (mTORC2) is responsible for the phosphorylation of S473 residue (15, 29) . Akt plays an essential role in pulmonary vascular remodeling and the development of pulmonary hypertension (36) . mTORC2 and phosphorylated (P)-Akt-S473 are increased in PASMCs of human lung with PAH and in PASMCs exposed to hypoxia and PDGF (15, 23) . Knockout of Akt1 and mTOR attenuates pulmonary vascular remodeling of hypoxic PAH (36) . Inhibition of mTOC using rapamycin prevents PAH in MCT rat model (20) . Moreover, activations of Akt and mTOR are required for hypoxia-induced cell proliferation of vascular endothelial cells and adventitial fibroblasts of pulmonary arteries (9, 26) . Nevertheless, the detail mechanism for the phosphorylation and activation of Akt in pulmonary vascular remodeling of PAH remains unclear.
Because both calpain and Akt work at the downstream signaling of PDGF, we hypothesize that there might be a connection between calpain activation and Akt in the collagen synthesis and cell proliferation of PASMCs caused by PDGF. In the present study, we demonstrate that inhibition of calpain-2 causes a reduction of PDGF-induced Akt phosphorylation, and that overexpression of calpain-2 induces an increase in Akt phosphorylation. We found, for the first time, that calpain-2 upregulates Akt phosphorylation via an intracrine TGF-␤ 1 /mTORC2 mechanism.
MATERIALS AND METHODS

Materials.
Human PASMCs and culture medium were obtained from Lonza (Walkersville, MD). MDL28170 was obtained from Calbiochem (San Diego, CA). SB431542 was from Tocris (Ellisville, MO). Anti-GAPDH, anti-P-Akt-S473, anti-P-Akt-T308, anti-total Akt, anti-GAPDH antibodies, Akt small interfering RNA (siRNA), LY294002, and bromodeoxyuridine (BrdU) cell proliferation kit were purchased from Cell Signaling Technology (Beverly, MA). Antibody against collagen I was from Novus Biologicals (Littleton, CO). Anti-calpain-1 and -2 antibodies were purchased from Triple Point Biologics (Forest Grove, OR). Anti-Rictor antibody was from Bethyl Laboratories (Montgomery, TX). Anti-activin receptor-like kinase (ALK)-5 antibody and ALK-5 siRNA were from Santa Cruz Biotech- Cell culture. Human PASMCs were cultured according to the manufacturer's instructions. Before all experimentation, the third-to seventh-passage cells were equilibrated in growth factor-free medium for 24 h.
SDS-PAGE and Western blot analysis. Proteins (12-25 g) were resolved in 7.5% or 4 -15% criterion SDS-polyacrylamide gel electrophoresis (Bio-Rad). Proteins were then transferred to nitrocellulose membrane using the criterion transfer system. P-Akt-S473, P-Akt-T308, total Akt, collagen I, ALK-5, and Rictor were detected by immunoblotting the membrane using primary antibodies against calpain-1 (1:5,000), calpain-2 (1:5,000), collagen I (1:1,000), P-Akt-S473 (1:2,000), P-Akt-T308 (1:2,000), total Akt (1:1,000), ALK-5 (1:1,000), Rictor (1:1,000), and GAPDH (1:1,000) overnight in Trisbuffered saline with Tween 20 with 1% BSA. Bound antibodies were detected using a goat anti-rabbit (or mouse) IgG-AP conjugate (Bio-Rad) at 1:5,000 dilution using Tris-buffered saline with Tween 20 with 1% BSA. Proteins were detected using an Immun-Star AP chemiluminescence kit (Bio-Rad). Densitometric analysis of the protein bands were performed using Quantity One 1-D Analysis Software.
RNA interference in PASMCs. The expressions of calpain-1, calpain-2, Akt, ALK-5, and Rictor were silenced using siRNA technology. Calpain-1 siRNA (target sequence: 5=-AAGCTAGTGTTCGTG-CACTCT-3=), calpain-2 siRNA (target sequence: 5=-CTGGAACAC-TATAGACCCAGA-3=), and the nontargeting siRNA (target sequence: 5=-AACGTACGCGGAATACTTCGA-3=) were synthesized by Qiagen. The Akt siRNA (no. 6211) is from Cell Signaling Technology. ALK-5 siRNA (no. SC40222) is from Santa Cruz Biotechnology. Rictor siRNA is a mix of two Rictor siRNAs (no. 184233638 and no. 184233637) from Qiagen. The sequences of siRNA were not disclosed by the companies. The siRNAs were transfected into PASMCs with siPORT amine transfection reagent, according to the manufacturer's instruction. Three days after trans-fection, the medium was changed to serum-free medium for 24 h, followed by the treatments of PASMCs.
Overexpression of calpain-2 in PASMCs. Total RNA was isolated from PASMCs with RNeasy RNA Isolation Kit (Qiagen, Valencia, CA), and the mRNA was reverse-transcribed with High-Capacity cDNA Reverse Transcription Kit (Life Technologies, Grand Island, NY). The cDNA was amplified by PCR using Expand High Fidelity PCR System (Roche Applied Science, Indianapolis, IN), as well as calpain-2 forward 5=-AAAAAAAGCTTGGATGGCGGGCATCGC-GGC-3= and calpain-2 reverse 5=-AAAAATCTAGAAAGTACT-GAGAAACAGAGCCAAGAGATAAGGTCG-3= primers (Integrated DNA Technologies, Coralville, IA) containing HindIII and XbaI restrictions sites, respectively. Primers were designed according to the homo sapiens calpain-2 sequence (National Center for Biotechnology Information database accession number: NM_001748.4). Then the cDNA was cloned into a pcDNA3.1/V5-His (Life Technologies, Grand Island, NY) mammalian expression vectors to create the pcDNA3.1/V5-His-human calpain-2 wild-type plasmid. The vector construct was confirmed by DNA sequencing. PASMCs were transfected with pcDNA3.1/V5-His-human calpain-2 wild-type construct using X-tremeGENE HP transfection reagent (Roche Applied Science, Indianapolis, IN), according to the manufacturer's protocol. Forty-eight hours after the transfection, the medium was changed to serum-free medium for 24 h, followed by the treatments of cells.
Calpain activity assay. Calpain activity in PASMCs was measured with a SpectraMax M2e microplate reader (Molecular Devices, Sunnyvale, CA), as described previously (28) . Briefly, after the treatments, the cells were washed with PBS, and the fluorogenic Suc-Leu-Leu-Val-Tyr-AMC peptide substrate was added to a final concentration of 80 M in the presence and absence of MDL28170. Fluorescence was immediately recorded at 2-min intervals for 20 min. Calpain activity was calculated as fluorescence units in the absence of MDL28170, subtracted by those in the presence of MDL28170.
Cell proliferation assay. Cells were cultured in 96-well plates for 24 h and serum-starved for 12 h. A colorimetric BrdU ELISA kit was used. After the treatments, BrdU incorporation was detected by using anti-BrdU peroxidase conjugate antibody, according to the manufacturer's instructions. Absorbance at 450 nm was measured by using a Spectra-Max M2e microplate reader (Molecular Devices, Sunnyvale, CA).
Determination of Akt phosphorylation in pulmonary arteries from calpain knockout mice and control mice with chronic hypoxic PAH.
To investigate the role of calpain in Akt phosphorylation in pulmonary vascular remodeling in vivo, calpain activity was inhibited in a mouse line of inducible global knock out of calpain-4 (ER-Cre ϩ/ ϪCapn4 flox/flox ), as described previously (28) . The animal experiments were performed in accordance with the guiding principles of the Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Augusta University. Because calpain-4 is required for the activity of both calpain-1 and -2, deletion of calpain-4 prevents activation of calpain-1 and -2. Deletion of calpain-4 was induced by administration of tamoxifen (20 mg·kg Ϫ1 ·day Ϫ1 ip) for 5 days. Control mice were littermate Capn4 flox/flox or Capn4 flox/ϩ mice treated with the same tamoxifen regimen. Mice between 12 and 16 wk old were used for the hypoxic PAH model, as described previously (28) . To determine the extent of phosphorylated Akt in pulmonary arterioles, double immunostaining of P-Akt/␣-actin was performed on lung tissue slides. The slides were incubated first with a rabbit polyclonal antibody against P-Akt-S473, P-Akt-T308, or total Akt and mouse monoclonal antibody against ␣-actin overnight and then with goat anti-rabbit IgG Alexa Fuor 488 and goat anti-mouse IgG Alexa Fuor 594. The slides were sealed with mounting solution containing anti-fade reagent and were examined using a Zeiss LSM 510 laser scanning confocal microscope. The fluorescence intensities in the vascular smooth muscle layer of pulmonary arterioles were measured using ImageJ.
Statistical analysis. Within each experiment, cells were matched for number of passages to avoid differences related to tissue culture variables. Results are shown as means Ϯ SE for n experiments. One-way ANOVA and t-test analysis (2-tailed) were used to determine the significance of differences between the means of experimental and control groups. A value of P Ͻ 0.05 was considered significant.
RESULTS
Inhibition of Akt attenuates PDGF-induced collagen synthesis and proliferation of PASMCs. Incubation of PASMCs with
PDGF-BB (10 ng/ml) for 0.5-24 h induces a rapid increase in Akt activation and phosphorylations at S473 and T308 (Fig.  1A) . The increases in P-Akt-S473 and P-Akt-T308 were at the highest levels at 0.5-and 1-h incubation and last for at least 24 h. To investigate the role of Akt activation in PDGF-induced collagen synthesis and cell proliferation of PASMCs, Akt was inhibited by the specific Akt inhibitor triciribine and by using Akt siRNA gene silencing. As shown in Fig. 1 cell proliferation. These data confirm that Akt plays an important role in PDGF-induced collagen synthesis and cell proliferation of PASMCs. Inhibition of calpain-2 prevents PDGF-induced collagen synthesis and proliferation of PASMCs. We have previously shown that PDGF causes calpain activation, and that calpain-2 rather than calpain-1 is responsible for increases in calpain activities induced by PDGF in PASMCs (22) . Here we showed that pan calpain inhibitor MDL28170 (20 M) prevented PDGF-induced collagen synthesis and cell proliferation of PASMCs (Fig. 2, A-C) . To investigate whether calpain-mediated collagen synthesis and cell proliferation are caused by activation calpain-1 or calpain-2, calpain-1 and calpain-2 were specifically knocked down using their siRNA. As shown in Fig. 2 , D-F, knockdown of calpain-2, but not calpain-1, prevented PDGF-induced collagen synthesis and cell proliferation of PASMCs. These data indicate that calpain-2 rather than calpain-1 is responsible for increases in collagen synthesis and cell proliferation induced by PDGF.
Inhibition of calpain attenuates Akt phosphorylation in PASMCs. As shown in Fig. 3, A and B , incubation of PASMCs with calpain inhibitor MDL28170 prevented PDGF-induced increases in the levels of both P-Akt-S473 and P-Akt-T308. The reduction of PDGF-induced increase in P-Akt-S473 was much greater than those in P-Akt-T308 in MDL28170-treated PASMCs, suggesting that calpain may primarily impact Akt phosphorylation at S473. Consistent with the importance of calpain-2 in PDGF-induced collagen synthesis and cell proliferation, knockdown of calpain-2, but not calpain-1, prevented PDGF-induced increases in the levels of P-Akt-S473 and P-Akt-T308 (Fig. 3, C and D) . These results provide first evidence that it is calpain-2 rather than calpain-1 that leads to Akt activation and phosphorylation induced by PDGF in PASMCs.
Overexpression of calpain-2 increases the levels of P-Akt-S473 and P-Akt-T308. To further investigate the role of calpain-2 in Akt phosphorylation, calpain-2 was overexpressed in PASMCs by using a plasmid containing human calpain-2 gene. As shown in Fig. 4 , the levels of P-Akt-S473 and P-Akt-T308 were much higher in PASMCs transfected with plasmids containing calpain-2 gene than those with empty plasmids. The increase in phosphorylation at S473 is much higher than those at T308. These data further support that calpain-2 signaling leads to Akt phosphorylation in PASMCs.
Calpain knockout inhibits Akt phosphorylation in smooth muscle of pulmonary arteries in mice with chronic hypoxic PAH. We have reported that knockout of calpain-4 (small unit) attenuates hypoxic pulmonary hypertension and vascular remodeling (22, 28) . To investigate the role of calpain in Akt phosphorylation in pulmonary vascular remodeling in vivo, we determined the levels of P-Akt-S473 and P-Akt-T308 in smooth muscle of pulmonary arteries from calpain knockout mice and control mice with chronic hypoxic PAH. As shown in Fig. 5 , the levels of P-Akt-S473 and P-Akt-T308 in smooth muscle of pulmonary arteries were much higher in control mice exposed to hypoxia than those exposed to normoxia. However, the levels of P-Akt-S473 and P-Akt-T308 in smooth muscle of pulmonary arteries were comparable between calpain knockout mice exposed to normoxia and those exposed to hypoxia. These results indicate that inhibition of calpain by conditional knockout of calpain-4 inhibits Akt phosphorylation in hypoxiainduced pulmonary vascular remodeling in vivo.
Inhibition of TGF-␤ receptor prevents calpain-2-induced increases in the levels of P-Akt-S473 and P-Akt-T308. We have previously reported that calpain cleaves and activates latent TGF-␤ in vitro and in PASMCs (28) . To investigate whether calpain-2 increases the levels of P-Akt-S473 and P-Akt-T308 through TGF-␤ pathway, PASMCs with and without calpain-2 overexpression were incubated with and without specific TGF-␤ receptor blocker SB431542 (10 M). As shown in Fig.  6 , SB431542 attenuated the increases in P-Akt-S473 level and to a less extent in P-Akt-T308 level in calpain-2-overexpressed PASMCs. These results indicate that calpain-2 increases the levels of P-Akt-S473 and P-Akt-T308 through TGF-␤ pathway.
Inhibition of TGF-␤ receptor, but not neutralizing extracellular TGF-␤, reduces PDGF-induced Akt phosphorylation, collagen synthesis, and cell proliferation. We have previously reported that PDGF does not activate extracellular TGF-␤, and that calpain activates an intracrine TGF-␤ pathway induced by PDGF in PASMCs (28) . To examine whether this intracrine TGF-␤ pathway is involved in the calpain-mediated Akt phosphorylation, we first assessed the effect of a cell-impermeable TGF-␤ neutralizing antibody (2 g/ml) on Akt phosphorylation. This antibody has been previously shown to be able to block the effect of extracellular TGF-␤ 1 on PASMCs (28) . We found that neutralizing extracellular TGF-␤ did not affect PDGF-induced increases in P-Akt-S473 and P-Akt-T308 ( Fig.  7) . Nevertheless, the cell-permeable SB-431452 (10 M) sig- nificantly reduced PDGF-induced increases in P-Akt-S473, P-Akt-T308, collagen I, and cell proliferation of PASMCs (Fig. 8 ). Moreover, knock down of ALK-5 prevented PDGFinduced increases in collagen I protein level and cell proliferation of PASMCs (Fig. 9 ). These results indicate that the intracrine TGF-␤ pathway is involved in the calpain-mediated Akt phosphorylation in PASMCs.
Knock down of Rictor attenuates PDGF-and calpain-2induced Akt phosphorylation in PASMCs.
More recent studies revealed that the phosphorylation of Akt at S473 is primarily mediated by mTORC2 (15, 29) . To investigate whether mTORC2 contributes PDGF-and calpain-2-induced Akt phosphorylation, mTORC2 was inhibited by knocking down Rictor protein in this complex. As shown in Fig. 10 , knock down of Rictor attenuates PDGF-induced Akt phosphorylation at S473 and to a less extent at T308 in PASMCs. Moreover, knock down of Rictor prevented Akt phosphorylations at S473 and T308 in calpain-2-overexpressed PASMCs (Fig. 11) . These data suggest that mTORC2 contributes to calpain-2-mediated Akt phosphorylation induced by PDGF.
Phosphatidylinositol 3-kinase inhibitor LY294002 does not affect PDGF-induced calpain activation and calpain-2-induced Akt phosphorylation. To investigate whether phosphatidylinositol 3 (PI3)-kinase is involved in PDGF-induced calpain activation and calpain-mediated Akt phosphorylation, PI3kinase was inhibited by using LY294002. As shown in Fig.  12A , the PI3-kinase inhibitor LY294002 did not affect PDGFinduced increase in calpain activity. Similarly, LY294002 did not inhibit calpain-2-induced Akt phosphorylations at S473 and T308 (Fig. 12, B and C) . These results suggest that PI3-kinase is not involved in PDGF-induced calpain activation and calpain-mediated Akt phosphorylation.
DISCUSSION
Akt is the downstream signaling molecule of PDGF and mediates PDGF-induced collagen synthesis and proliferation of PASMCs, the most critical process in the medial layer thickening in pulmonary vascular remodeling (15, 30) . Knocking out Akt1 attenuates the development and progression of pulmonary vascular remodeling and pulmonary hypertension (36) . The activation of Akt depends on the phosphorylation of the most important residues at T308 or S473. T308 residue is phosphorylated by PI3-kinase activated PDK1 due to its association with phosphatidylinositol 3,4,5-trisphosphate, while mTORC2 is responsible for the phosphorylation of S473 residue (29) . PDGF induces phosphorylation of both T308 and S473 in PASMCs. Akt phosphorylation is increased in Fig. 5 . Calpain knockout (KO) inhibits Akt phosphorylation in smooth muscle of pulmonary arteries in mice with chronic hypoxic PAH. Five days after regimen of tamoxifen administration, control mice and ER-Cre ϩ/Ϫ Capn4 flox/flox mutant mice were exposed to room air (normoxia) or 10% oxygen (hypoxia) for 3 wk. Lung slides from ER-Cre ϩ/Ϫ Capn4 flox/flox mutant and control mice exposed to normoxia or hypoxia were double-stained for ␣-actin (red) and P-Akt-S473, P-Akt-T308, or total Akt (green). PASMCs of human lung with PAH and in PASMCs exposed to hypoxia and PDGF (15, 23) . Moreover, activation of Akt is required for hypoxia-induced cell proliferation of vascular endothelial cells and adventitial fibroblasts of pulmonary arteries (9, 26) . In the present study, inhibition of Akt significantly attenuates PDGF-induced increases in collagen I protein level and cell proliferation, confirming that Akt plays an important role in PDGF-induced collagen synthesis and cell proliferation of PASMCs in pulmonary vascular remodeling (30, 36) .
Our laboratory has previously reported that calpain is a downstream signal molecule for PDGF (28) . PDGF-induced calpain activation is through ERK-mediated calpain phosphorylation (22) . We have shown that calpain mediates PDGFinduced collagen synthesis and proliferation of PASMCs (28) . Inhibition of calpain by conditional knockout of calpain and by using calpain inhibitor prevents pulmonary vascular remodeling in PAH animal models (22, 28) . Our present work here identified a novel link between calpain and Akt phosphorylation in PASMCs. Inhibition of calpain prevents PDGF-induced Akt phosphorylation at S473 and partially blocks PDGFinduced Akt phosphorylation at T308. By separately knocking down calpain-1 and calpain-2 using siRNA technology, we found that it is calpain-2 rather than calpain-1 that leads to phosphorylation and activation of Akt, collagen synthesis, and cell proliferation of PASMCs induced by PDGF. This is consistent with our previous finding that calpain-2 rather than calpain-1 is responsible for increases in calpain activity induced by PDGF (22) . Interestingly, Ho et al. (19) have also shown that mouse mammary carcinoma AC2M2 cells deficient in calpain-2 have lower levels of Akt phosphorylation at S473. We have shown that overexpression of calpain-2 in PASMCs induces dramatic increases in Akt phosphorylations at S473 and T308. Thus our work provides solid evidence, for the first time, showing that calpain-2 upregulates Akt phosphorylation.
We have reported that calpain activation and calpain phosphorylation at S50 are much higher in smooth muscle of pulmonary arteries in rodents of PAH models and patients with PAH (22, 28) . Consistently, in the present study, Akt phosphorylations at S473 and T308 are also increased in smooth muscle of pulmonary arteries in mice with hypoxic PAH. Interestingly, inhibition of calpain activity by using knockout of calpain-4 dramatically reduces Akt phosphorylations at S473 and T308 in smooth muscle of pulmonary arteries in mice with hypoxic PAH. These findings provide further evidence supporting that calpain-2 upregulates Akt phosphorylation in pulmonary vascular remodeling of PAH.
PDGF activates PI3-kinase, leading to the interaction of Akt and PDK1 that causes Akt phosphorylation (1) . Inhibition of PI3-kinase using LY294002 attenuates PDGF-induced Akt phosphorylation and activation (7, 26) . We found here that inhibition of PI3-kinase using LY294002 did not affect PDGFinduced calpain activation. Similarly, LY294002 did not inhibit calpain-2-induced Akt phosphorylation. Therefore, the calpain-mediated Akt phosphorylation is independent of PI3kinase. On the other hand, PDGF-induced collagen synthesis and proliferation are through an intracellular activation of TGF-␤ 1 in PASMCs (28) . Calpain cleaves and activates intracellular latent TGF-␤ 1 and initiates this intracrine TGF-␤ 1 pathway (5, 16, 28) . It has been reported that TGF-␤ activates Akt in many types of cells (21, 25, 37) . We examined whether this intracrine TGF-␤ pathway is involved in the calpainmediated Akt phosphorylation. We found that neutralizing extracellular TGF-␤ 1 using a cell-impermeable TGF-␤ 1 neutralizing antibody did not affect PDGF-induced Akt phosphorylations at S473 and T308, suggesting that the paracrine or autocrine TGF-␤ pathways do not play a role in calpainmediated Akt phosphorylation. Nevertheless, the cell-permeable-specific TGF-␤ receptor blocker SB431542 attenuated Akt phosphorylations at both S473 and T308 induced by overexpressed calpain-2 and PDGF in PASMCs. Moreover, SB-431452 and knocking down ALK-5 significantly reduced PDGF-induced collagen synthesis and cell proliferation of PASMCs. These results indicate that calpain-2 upregulates Akt phosphorylation via an intracrine TGF-␤ 1 pathway.
Hart and Vogt (17) discovered that mimicking phosphorylation at S473 by mutating S473 for aspartate leads to an enhancement of phosphorylation at T308. We noted that the increase in phosphorylation at S473 is much higher than those at T308 in calpain-2-overexpressed cells. Moreover, the reduction of PDGF-induced Akt phosphorylation caused by calpain inhibition is much more remarkable at S473 than those at T308. Similarly, the reduction of PDGF-and calpain-2-induced Akt phosphorylation caused by TGF-␤ inhibition is much greater at S473 than those at T308. These results suggest that phosphorylation of Akt at S473 might be a primary event.
The TGF-␤ 1 signaling may first phosphorylate Akt at S473, which is followed by Akt binding to PDK1, and phosphorylation at T308 ensues. Akt phosphorylation at S473 is mediated by mTORC2 (15, 29) . Indeed, mTORC2 is at the downstream of TGF-␤ receptor and mediates the fibrotic effects of TGF-␤ 1 (24, 33) . mTORC2 is increased in PASMCs of human lung with PAH and in PASMCs exposed to hypoxia and PDGF (15, 23) . Activations of mTOR and Akt are required for hypoxiainduced cell proliferation of vascular endothelial cells and adventitial fibroblasts of pulmonary arteries (9, 26) . Our studies show that inhibition of mTORC2 by knocking down its component protein Rictor prevents PDGF-and calpain-2-induced Akt phosphorylation at S473 and attenuates in less magnitude Akt phosphorylation at T308. Taken together, our data provide the first evidence supporting that calpain-2 upregulates Akt phosphorylation via mTORC2.
In summary, we have demonstrated that overexpression of calpain-2 induces an increase in Akt phosphorylation, and that inhibition of calpain-2 causes a reduction of Akt phosphorylation in PASMCs induced by PDGF and in hypoxic PAH mice. Inhibition of TGF-␤ signaling attenuates Akt phosphorylation induced by PDGF and by overexpressed calpain-2 in PASMCs.
Neutralizing extracellular TGF-␤ 1 using a cell-impermeable TGF-␤ 1 neutralizing antibody does not affect PDGF-induced Akt phosphorylation. Thus we have identified a novel pathway of calpain-2-upregulated Akt phosphorylation via an intracrine TGF-␤ 1 /mTORC2 mechanism that is independent of PI3-kinase ( Fig. 13 ).
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